Electronic structure at the C60/metal interface: An angle-resolved photoemission and first-principles study by Tamai, A et al.
University of Zurich
Zurich Open Repository and Archive
Winterthurerstr. 190
CH-8057 Zurich
http://www.zora.uzh.ch
Year: 2008
Electronic structure at the C60/metal interface: An
angle-resolved photoemission and first-principles study
Tamai, A; Seitsonen, A P; Baumberger, F; Hengsberger, M; Shen, Z X; Greber, T;
Osterwalder, J
Tamai, A; Seitsonen, A P; Baumberger, F; Hengsberger, M; Shen, Z X; Greber, T; Osterwalder, J (2008).
Electronic structure at the C60/metal interface: An angle-resolved photoemission and first-principles study. Physical
Review B, 77(7):075134-8pp.
Postprint available at:
http://www.zora.uzh.ch
Posted at the Zurich Open Repository and Archive, University of Zurich.
http://www.zora.uzh.ch
Originally published at:
Physical Review B 2008, 77(7):075134-8pp.
Tamai, A; Seitsonen, A P; Baumberger, F; Hengsberger, M; Shen, Z X; Greber, T; Osterwalder, J (2008).
Electronic structure at the C60/metal interface: An angle-resolved photoemission and first-principles study. Physical
Review B, 77(7):075134-8pp.
Postprint available at:
http://www.zora.uzh.ch
Posted at the Zurich Open Repository and Archive, University of Zurich.
http://www.zora.uzh.ch
Originally published at:
Physical Review B 2008, 77(7):075134-8pp.
Electronic structure at the C60/metal interface: An
angle-resolved photoemission and first-principles study
Abstract
High-resolution angle-resolved photoemission reveals a complex electronic structure at the interface
between a highly ordered C60 monolayer and the Cu(111) surface. The Shockley-type surface state of
the clean substrate is pushed to higher energies by the overlayer and strongly couples to intramolecular
C60 phonons. A second interface state with a bandwidth spanning the entire HOMO-LUMO gap
disperses with the periodicity of the C60 superstructure. Density functional theory calculations indicate
that this state is due to strong hybridization of molecular orbitals and substrate electronic states at the
C60/metal interface. This finding sheds light on the issue of self-doping in molecular layers on metal
surfaces.
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High resolution angle–resolved photoemission reveals a complex electronic structure at the inter-
face between a highly ordered C60 monolayer and the Cu(111) surface. The Shockley type surface
state of the clean substrate is pushed to higher energies by the overlayer and strongly couples
to intra-molecular C60 phonons. A second interface state with a band width spanning the entire
HOMO-LUMO gap disperses with the periodicity of the C60 superstructure. Density functional
theory calculations indicate that the new state is due to strong hybridization of molecular orbitals
and substrate electronic states at the C60/metal interface. This finding sheds new light on the issue
of self-doping in molecular layers on metal surfaces.
PACS numbers: 71.20.Tx; 61.14.Qp; 79.60.Dp
I. INTRODUCTION
The characterization of C60 molecular layers on metal
surfaces has stimulated progress in understanding the
complex behavior of correlated fullerene compounds. In
solid C60 a variety of different transport properties mani-
fests itself upon intercalation of alkali-metal atoms, rang-
ing from metallic to Mott-Hubbard insulating and su-
perconducting behavior. Extensive theoretical effort has
been dedicated to model the different phases and identify
the critical parameters for the transitions1,2. However,
basic experimental information on the electronic struc-
ture of bulk C60 that could help to test existing theories
is rare. This is due to the difficulty to detect band dis-
persion in the presence of orientational disorder, temper-
ature dependent structural transitions, strong electron-
phonon coupling and very small Brillouin zones.
Deposition of C60 molecules on metal surfaces is a way to
overcome some of these problems. Because of a balance
between molecule–molecule and molecule–substrate in-
teractions, it is possible to grow ordered C60 layers, where
the molecules assume well–defined relative orientations.
This allowed to measure the LUMO (lowest unoccupied
molecular orbital) dispersion in a K3C60 monolayer on
Ag(111)3, and to investigate the effects of the molecular
orientation on the electronic structure4,5. The recent ob-
servation that a Jahn-Teller driven metal-insulator tran-
sition occurs between a K3C60 and a K4C60 monolayer on
Au(111)6 supports the idea that much of the interesting
properties of bulk C60 should persist in the monolayer
systems.
An important issue is the role of the substrate for the
electronic properties of the C60 layer. Due to the high
electron affinity of C60 and the metallic nature of the sub-
strate, there is significant charge transfer from the sub-
strate to the molecule7. Values between 0.7 and 2 e/C60
have been reported depending on the metal and the sur-
face orientation. This charge transfer can be regarded as
a self-doping of the monolayer system. It has received
considerable attention because it might provide a route
to induce superconductivity8 or metal-insulator transi-
tions without the need of chemical doping. Carrier injec-
tion due to charge transfer avoids the structural disorder
inherent to chemical doping and suppresses molecular re-
orientation transitions commonly observed in alkali metal
doped C605,9. The C60–noble metal interaction has been
described as predominantly ionic with little hybridiza-
tion between the molecule and the substrate. However,
several authors have pointed out a non-trivial role of the
substrate. STM studies have shown a significant influ-
ence of the underlying metal on the electronic structure of
adsorbed C6010,11. In C60/Ag(100) a characteristic split-
ting of the C60 LUMO into two dominant states has been
assigned to the interaction with the substrate12. The
distribution of the electron density across the C60/metal
interface was calculated within density functional theory
(DFT) and indicates that the interaction has a covalent
rather than purely ionic character13,14.
In this paper we present the electronic structure of one
monolayer of C60 on Cu(111), investigated by angle re-
solved photoemission (ARPES). An extra photoemission
peak dispersing in the HOMO–LUMO gap is interpreted
as the signature of hybridization between copper and car-
bon electronic states. DFT calculations allow to locate
the new electronic state at the C60/metal interface. Upon
doping with potassium, electron transfer from the alkali
atoms reduces charge transfer from the substrate and the
hybridization with the substrate decreases.
II. EXPERIMENTAL
High–resolution photoemission experiments at low–
temperature were performed with a Scienta SES 2002
spectrometer at Stanford University, using He Iα radi-
ation (21.22 eV) from a microwave driven monochrom-
atized discharge lamp (Gammadata VUV5000). Three
2differential pumping stages were used in order to reduce
the He partial pressure in the measurement chamber to
a level near the sensitivity limit of the UHV ion gauges.
Energy and angular resolutions were set to 7.5 meV and
±0.15◦ for all measurements. A mechanically polished
Cu(111) single crystal was prepared by standard sput-
ter/anneal cycles. A good surface quality can be deduced
from the width of the Shockley surface state, which was
measured in normal emission below 70 meV FWHM. C60
powder (99.9%) was sublimated from a titanium crucible.
The background pressure during evaporation was kept
below 5×10−10 mbar. Monolayer C60 films were prepared
by deposition of a multilayer and subsequent annealing
of the sample to 600 K. Doping dependent photoemis-
sion experiments were performed in a modified VG ES-
CALAB 220 spectrometer15 using monochromatized He
Iα radiation. Potassium was evaporated from a well out-
gassed SAES getter source onto the C60 layer at room
temperature.
The Cu(111) surface was chosen because of the small mis-
match of only 2% between a multiple of the Cu-Cu near-
est neighbor distance and the intermolecular distance in
bulk C60. This might be expected to result in C60 films
with properties closely resembling bulk fullerite. The
monolayer system exhibits a sharp 4×4 LEED (low en-
ergy electron diffraction) pattern. The C60 orientation
was determined by X-ray photoelectron diffraction16.
The molecules are adsorbed with a hexagon ring facing
the substrate, in two azimuthally equivalent orientations
differing by 60◦. The presence of two orientations can
be rationalized by assuming two different orientational
domains on the surface. This adsorption geometry is in
agreement with DFT calculations which also indicate the
hcp hollow-site as the energetically most favorable ad-
sorption site13.
III. RESULTS AND DISCUSSION
A. Photoemission data
Fig. 1 shows the normal emission photoemission spec-
tra of 1 ML C60/Cu(111) and of the clean substrate mea-
sured at room temperature. The spectral weight around
1.7 eV binding energy is due to photoemission from the
C60 HOMO. Close to the Fermi level (EF ) the high inten-
sity is interpreted as emission from the partially occupied
LUMO17 and the Shockley surface state which is visible
around the Γ¯ point in the first Brillouin zone (Figs. 2
and 3). Around 0.9 eV below EF , close to the rising
tail of the HOMO, there is an additional photoemission
peak. It clearly appears after annealing the C60 film to
600 K to desorb the multilayer. The same photoemission
spectrum was measured by Tsuei et al.18. They noticed
that the appearance of the peak at 0.9 eV was associated
with the ordering of the 4 × 4 C60 structure and they
interpreted it as originating from the substrate Shockley
surface state modified by the presence of the C60 over-
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FIG. 1: He Iα normal emission spectrum of 1 ML
C60/Cu(111) measured at room temperature. The spectrum
of the clean Cu(111) substrate is displayed as reference. The
arrow indicates the extra peak in the HOMO-LUMO gap,
which is described in the text as the interface state. The
dotted lines mark the HOMO and LUMO positions.
layer. In the following we show that this interpretation is
unlikely because the extra state disperses outside the sp
projected band gap where the surface state is confined.
Density functional calculations allow us to identify this
extra peak as originating from an interface state caused
by strong hybridization between copper states and the
carbon atoms facing the substrate.
Constant energy maps measured at 10 K are displayed
in Fig. 2. They describe the spectral weight distribution
at the Fermi level and at 1 eV binding energy, where
the intensity of the interface state is high in the normal
emission spectrum. The maps have been obtained from
' 1× 104 high resolution spectra taken on a uniform k-
space grid and integrated over an energy window of 10
meV. The Fermi surface map (Fig. 2(a)) shows a period-
icity in momentum space that matches the C60 Brillouin
zones deduced from the 4×4 LEED pattern. The pattern
is six-fold symmetric as expected for a two dimensional
C60 layer with six-fold symmetric nearest-neighbor hop-
ping. Around all K¯ points of the C60 reciprocal lattice
there is higher photoemission intensity that is related to
the electronic structure of the overlayer. However these
features are very broad and diffuse and it is not pos-
sible to identify closed contours separating occupied or
unoccupied C60 states. Different intensities at symmetry
equivalent points in the surface Brillouin zones are most
likely related to different matrix element contributions.
In the first C60 Brillouin zone, where the Γ¯ point coin-
cides with the center of the Cu Brillouin zone, there is
an additional bright circle of slightly enhanced intensity
around Γ¯. It is interpreted as the trace of the Shockley
surface state, which is visible in the sp-band gap at the
Γ¯ point of the clean Cu(111)19,20.
3FIG. 2: (a) Fermi surface map of 1 ML C60/Cu(111). (b) Constant energy map at 1 eV binding energy which shows the
interface state. Both maps were measured at 10 K. The spectral weight has been integrated in a window of 10 meV width. The
straight lines indicate the C60 Brillouin zone-boundaries. Maximum intensity corresponds to white. (c) Sketch of the direct
lattice. C60 molecules with the hexagon ring facing the substrate surface form a 4×4 superstructure.
The map at 1 eV binding energy shows features related to
the new electronic state: well–defined intensity maxima
are visible at the centers of the C60 zones and straight
stripes connect all Γ¯ points with the exact six-fold sym-
metry of the C60 layer (Fig. 2(b)). We interpret this as
the signature of a two-dimensional electronic state with
a strongly anisotropic dispersion. The straight line fea-
tures in the map run along the [1¯1¯2] azimuth and sym-
metry equivalent directions. They thus represent states
that disperse along the C60 nearest neighbor bond but
are localized along the next–nearest neighbor direction.
Angle–resolved photoemission spectra measured along
the Γ¯K¯ and Γ¯M¯ directions of the C60 reciprocal lattice
are presented in Fig. 3. Between the Fermi level and
the tail of the HOMO peak there are many features,
which illustrate the complex electronic structure at
the C60/metal interface. The most striking one is the
dispersion of the interface peak centered at 0.9 eV in the
normal emission spectrum. Around Γ¯ it is very intense
and broad. The momentum linewidth, 0.25 and 0.19
A˚−1 along Γ¯K¯ and Γ¯M¯ respectively, is indicative of a
localized electronic state. For large values of the parallel
momentum, the intensity decreases and the peak splits
in at least two different branches with opposite group
velocity, dispersing down towards the HOMO and up to
the Fermi level (Fig. 3(a)). These states remain outside
the projected sp band gap of the Cu(111) electronic
structure, the boundaries of which have been highlighted
in Fig. 3(a).
At all parallel momenta, the spectra show a pronounced
dip at about 0.16 eV which is related to the coupling to
the intra-molecular phonons of the molecules. Similar
structures have been reported for C60/Ag(111)3,21 and
are characteristic of the C60 photoemission spectra in
the metallic phase22.
Around the Γ¯ point of the first Brillouin zone, there is
a weak dispersing peak that recalls the Shockley-type
surface state of Cu(111). Its intensity is almost com-
pletely suppressed compared to the clean copper surface,
as can be expected by the fact that the escape depth of
photoelectron with 16 eV kinetic energy is of the same
FIG. 3: (a) Dispersion plot of one monolayer of C60 on
Cu(111) measured along K¯Γ¯M¯ (He Iα radiation, 10 K). Max-
imum intensity corresponds to white. The white line indicates
the boundaries of the projected sp band gap of Cu(111). In
the top panel the contrast has been enhanced to clearly show
the states crossing EF . The free–electron–like dispersion of
the Shockley surface state calculated for the observed value
of kF and the effective mass of the clean substrate, is super-
imposed (black line). (b) Set of equally spaced energy distri-
bution curves along Γ¯K¯. The arrows in panels (a) and the
thin line in (b) highlight the dip around 0.16 eV binding en-
ergy which is due to the coupling with the C60 intra-molecular
phonons.
4order of the C60 diameter23,24. The Fermi wave vector
kF is ' 0.1 A˚−1 and results in an occupation of ∼ 0.01
e−/surface atom, about four times smaller than on the
clean Cu(111) substrate25. The presence of the Shockley
surface state after adsorption of an entire C60 mono-
layer is surprising and has not been reported for other
C60/noble metal interfaces. We can exclude to see the
surface state of free substrate areas because the C60 layer
was prepared by desorbing a multilayer, which is not
expected to leave areas of the substrate uncovered. The
presence of surface states below ordered adsorbate layers
is commonly observed in systems that interact weakly
with the substrate such as NaCl/Cu(111)26 or noble gas
layers on various metals27. Adsorbates that hybridize
with substrate states such as CO tend to quench surface
states28. Recently, traces of a Shockley–type surface
state confined at the molecule/metal interface have
been observed in PTCDA-covered Ag29 and Au(111)30
surfaces. Scanning tunneling spectroscopy shows that
in these systems the occupation of the surface state
is very sensitive to the degree of order within the
molecular layer. We speculate that in C60/Cu(111) the
surface state survives in the presence of strong bond-
ing interactions because the hybridized states remain
outside the sp projected band gap and no C60–derived
states are present around Γ¯ near EF as indicated by
the low photoemission intensity at the center of the
higher C60 Brillouin zones (Fig. 2(a)). Furthermore,
our data indicate that there is strong coupling between
the surface state and the C60 phonons. In the top
panel of Fig. 3(a) we have superimposed the typical
parabolic dispersion of the surface state calculated for
the experimental value of kF and assuming the same
effective mass as on the clean substrate (mx= 0.41 me).
The evident distortion of the experimental dispersion,
where a lot of spectral weight is moved outside the one-
particle band, and the lineshape changes as a function of
parallel momentum (Fig. 3(b)) can be explained by the
presence of electron-phonon interactions31. Our data are
consistent with significant coupling between the copper
surface state and the C60 vibrational modes that extend
in energy between 20 and 200 meV. A similar coupling
was observed between the tungsten (110) surface state
and the stretch vibrational mode of adsorbed hydrogen32.
B. Interface state and DFT calculations
The presence of a dispersing band within the HOMO-
LUMO gap is unexpected for the band structure of a
C60 monolayer. In a free standing layer these molecular
orbitals are expected to form narrow valence and con-
duction bands, which disperse less than 500 meV and
are well separated in energy. This peculiarity could then
be a signature of the copper bands or indicate that the
C60 molecular orbitals have been significantly modified.
Final state umklapp, where the photoelectrons are scat-
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FIG. 4: (Color online) (a) Square amplitude of the Kohn-
Sham wave functions projected on the atomic orbitals of the
six lower-most carbon atoms facing the substrate surface and
calculated at k‖ = Γ¯ (sum of s and p contributions in Eqn. 1).
In the inset, density of states projected on the top-most Cu
layer multiplied by the density of states projected on the car-
bon atoms at the bottom of a C60 molecule. Solid and dashed
lines represent the contributions of Cu-C pairs with short
and long bond length, 2.099 A˚ and 2.517 A˚ respectively. A
sketch of the adsorption geometry is displayed too. (b) Room-
temperature normal emission valence band spectrum of 1 ML
C60/Cu(111). The energy scales of the calculation (a) and
of the experimental data (b) have been aligned at the Fermi
level and rescaled to account for the two different values of
the gap.
tered by a reciprocal superlattice vector, could cause cop-
per electronic states to appear with the periodicity of the
C60 overlayer. However simulations of this effect con-
sidering the dispersion of the copper sp bands at 1 eV
binding energy gave a completely different result as com-
pared to the map of Fig. 2(b). A second possibility could
be that the HOMO-LUMO gap is smaller because of a
stronger molecule-molecule interaction. Band structure
calculations of a 2D polymer, where the molecules are
covalently bound, indicate that the HOMO and LUMO–
derived states are spread over a larger energy range and
the size of the gap is significantly reduced33–35. However,
C60 polymerization is expected only when the C60–C60
distance is around 9 A˚, smaller than the van der Waals ra-
dius of the buckyball36. In the C60 monolayer on Cu(111)
5(a) E=-1.13 eV (b) E=-0.83 eV (d) E=-0.51 eV (c) E=-0.69 eV 
FIG. 5: (Color online) The Kohn-Sham orbitals of the valence electron states at the Γ point calculated at different energies
below the Fermi energy (1.13, 0.83, 0.69 and 0.51 eV from left to right) . The red and blue isosurfaces denote different signs
of the wave function. Only the top-most four layers of the substrate are shown.
the nearest neighbor distance is 10.2 A˚ and polymeriza-
tion can safely be excluded. Supported by density func-
tional theory, we propose that the new electronic state
is the result of the C60/metal interaction which causes
strong hybridization between copper and carbon elec-
tronic states.
The electronic structure of 1 ML C60/Cu(111) has been
calculated using the generalised gradient approximation
(DFT-GGA) of Perdew et al.37 as the approximation for
the exchange-correlation functional38. We included seven
layers of the substrate and separated the surfaces of the
clean slab with about 20 A˚ of vacuum (super-cell geom-
etry). The three upper-most layers of the substrate were
allowed to relax. We used a 4×4 mesh of the Monkhorst-
Pack k points containing the Γ point41,42. This lead to
four independent k points in the irreducible wedge of the
Brillouin zone, having the symmetry operations of the C3
symmetry group. The occupation numbers were broad-
ened with a Fermi-Dirac distribution with the tempera-
ture corresponding to 50 meV.
In order to investigate the electronic structure at the in-
terface, we projected the Kohn-Sham orbitals of the sur-
face system on the atomic orbitals of the six lower-most
carbon atoms of the molecule facing the copper surface.
We calculated the square amplitude
Iµ
(
ε, k‖
)
=
∑
i
δ
(
ε− εi,k‖
) ∣∣〈φµ | ψi,k‖〉∣∣2 (1)
where µ indicates the orbital (all s and p orbitals φµ of
the six lower-most carbon atoms), i is the band index,
εi,k‖ the eigenvalues from the DFT calculation, ψi,k‖ the
Kohn-Sham states. The result for kz = 0 and k‖ = Γ¯
is presented in Fig. 4(a). The normal emission valence
band spectrum of C60/Cu(111) measured at room tem-
perature is displayed for comparison in Fig. 4(b). In order
to account for the different values of the HOMO-LUMO
gap in DFT and photoemission, the two energy scales
have been aligned at the Fermi level and rescaled in a
way that the peak at 1.2 eV matches the HOMO pho-
toemission peak centered at 1.7 eV binding energy. In
the calculation (Fig. 4(a)) the peaks around 1.2 eV and
close to the Fermi level represents the contributions of the
six lower-most carbon atoms to the HOMO and LUMO
charge density. Interestingly, there is also a very pro-
nounced peak at about 0.7 eV which compares very well
with the interface state in the photoemission spectrum.
By multiplying the density of states projected on the
lower most carbon atoms with the density of states pro-
jected on the top-most Cu layer we quantified the con-
tribution of the copper substrate to the electronic states
described above. This should give us a measure if a state
(k) has weight both on the carbon and the nearest neigh-
bor Cu atoms. The result of the calculation for k= Γ¯ is
shown in the inset of Fig. 4(a). Because of the adsorption
geometry of the molecule (hcp hollow site), the interface
atoms can be described by two Cu-C pairs of different
6bond lengths (see black and white dots in the sketch of
Fig. 4(a)). The peak at 0.7 eV mainly derives from the
dz2 , s and p states of the short Cu-C pairs (solid line).
The local density of states at 0.5 eV is mostly due to the
p and d states of the longer Cu-C pairs.
The wave functions for a selection of states in the HOMO-
LUMO gap calculated at Γ¯ are presented in Fig. 5. At
1.13 eV the valence electrons are distributed all around
the C60 molecule as expected for energy values that cor-
respond to the HOMO. Moving to lower binding energies
the charge localizes at the interface involving the bottom
part of the molecules and the first few copper layers. We
conclude that the extra electronic state is located at the
C60/metal interface and is the result of strong hybridiza-
tion between the copper bands and the atomic orbitals
of the carbon atoms facing the (111) surface.
An interesting aspect is that the interface state appears
very prominent on the Cu(111) surface while data from
the other noble metals do not show such pronounced hy-
bridization. Electronic states within the HOMO-LUMO
gap have been observed for C60/Au(778) at partial cov-
erage but have been associated to local defects (isolated
molecules or cluster edges) and did not show any energy
dispersion44. If we compare the properties of one mono-
layer of C60 on the three (111) surfaces of Cu, Ag and
Au, we see that the C60–C60 distance is 2% larger on Cu
than on Ag and Au. Both the adsorption energies and
the amount of charge transfer43 indicate that the strength
of the bond decreases in moving from Cu to Ag and Au,
which is consistent with higher hybridization for a copper
substrate. The fact that the electronic structures of the
three surfaces are different may play an important role.
The Ag d band lies at about 2 eV higher binding energy
than the Cu and Au d bands and this has been consid-
ered to cause different degrees of hybridization with the
HOMO–1 level of C6045. However, if the only criterion
for the appearance of hybridization were the energy po-
sition of the d band, the interface state should be well
visible also on Au, while photoemission experiments do
not report an extra peak for C60 on Au(111)43. Two
other aspects of the structure of the C60 monolayer may
contribute to the stronger hybridization on Cu(111): (i)
The larger distance between the molecules causes a re-
duction of the intermolecular hopping. For smaller over-
lap between the molecular orbitals and therefore weaker
C60–C60 interaction, a higher mixing between copper and
carbon states can be expected. (ii) The different arrange-
ment of the C60 hexagonal layer with respect to the (111)
surface, 4×4 on Cu(111) and 2√3×2√3 R30◦ on Ag and
Au(111), may affect the electronic coupling at the inter-
face. In all three metals the Fermi surface is three-fold
symmetric around the [111] direction, but in Ag and Au
it is rotated by 30◦ with respect to the C60 overlayer.
This may result in a less efficient overlap between the
metal and C60 states, thus reducing the hybridization at
the interface. This is in line with the fact that photoe-
mission experiments performed on polycrystalline copper
samples did not show the interface state45.
C. Dispersion of the interface state
The observation of strongly anisotropic dispersion of
this interface state (Fig. 2(b)) is remarkable and un-
expected for a perfect hexagonal layer. The straight
bands connecting all Γ points of the C60 Brillouin zone
are indicative of one-dimensional dispersion along the
molecule-molecule nearest neighbour direction, although
there is no obvious one-dimensional element in the ge-
ometrical arrangement of the molecular layer. Lo-
cal 1D ordering has been reported for submonolayer
growth of C60/Cu(111) due to an adsorbate-induced
reconstruction46, while all existing data from complete
monolayers indicate the formation of the well-ordered
4×4 structure without additional superstructures. An
alternative candidate for introducing linearly coupled
molecular chains may be identified from the strong
influence that the relative orientation of neighboring
molecules has on the band dispersion47. In this sys-
tem there is a structural degree of freedom, given by
the two inequivalent orientations of the fullerenes in the
monolayer16, one rotated by 60◦ from the other. One can
then consider a hexagonal lattice of molecules containing
chains with common fullerene orientation. Along these
chains, coherent coupling of electronic states is possible,
leading to the strongly anisotropic dispersion. This may
therefore be a unique system for studying the influence
of orientational disorder on electronic band formation.
D. Hybridization and charge transfer
The degree of hybridization between the molecules and
the copper substrate is very sensitive to the occupation
of the C60 LUMO, which can be varied upon K doping.
A series of normal emission spectra have been recorded
during potassium deposition onto the sample at room
temperature. Fig. 6(a) displays a two-dimensional plot
of the valence band spectrum of C60/Cu(111) as a func-
tion of the binding energy and the K evaporation time.
For very low amounts of potassium on the surface, the
intensity at the Fermi level first slightly increases and
then decreases (Fig. 6(b)); the maximum of the LUMO
peak shifts to higher binding energy until it reaches a
plateau at about 0.35 eV below EF . The same energy
shift is visible for the C60 HOMO, which is consistent
with a rigid band shift upon electron doping into the C60
conduction band. The interface state, however, moves
only 100 meV towards higher binding energies and its
intensity increases by more than a factor of two before
the state looses weight again and disappears below the
broad LUMO peak. The latter indicates that potassium
deposition hampers hybridization between the substrate
and the C60 molecule especially at high doping. This
is in line with the results of Hoogenboom et al. for K-
doped C60 monolayers on polycrystalline noble metals
surfaces45. In that case hybridization was inferred by
the broadening of the HOMO-1 peak and was found to
7FIG. 6: (a) Gray scale two-dimensional plot of the room tem-
perature normal emission valence band spectrum displayed as
a function of binding energy and potassium evaporation time.
For low K doping and small binding energy the contrast has
been enhanced by a factor of 3; high intensity corresponds to
white. (b) Intensity at the Fermi level (black dots) and of
the interface state (squares) as a function of the potassium
evaporation time; (c) Comparison of normal emission spectra
for different doping levels of the C60 LUMO.
disappear at high doping when the overlayer completely
suppresses the substrate signal. We also observed that
K evaporation onto the sample kept at 470 K results in
a rapid quenching of the interface state. The higher mo-
bility of the dopant ions at this temperature may result
in a more efficient diffusion of potassium underneath the
C60 layer and cause a reduction of C60-Cu hybridization.
The present data shed new light on the issue of charge
transfer at the C60/noble metal interface. So far, in all
photoemission studies of C60 monolayers on metal sur-
faces, the intensity close to the Fermi level has been in-
terpreted as emission from the partially occupied C60
LUMO and the contribution of the substrate was ne-
glected. Based on these assumptions different methods
have been developed to calibrate the occupancy of the
C60 LUMO due to charge transfer48,49. However, the ev-
idence of electronic hybridization at the interface and the
fact that the Shockley surface state is visible in the first
C60 Brillouin zone suggest that this approach may over-
estimate the charge transfer. DFT calculations of the
charge transfer from the metal to the molecules gener-
ally yield smaller values than the ones obtained experi-
mentally based on photoemission spectra. In the case of
C60/Cu(111), this difference is remarkable. The charge
state of the molecule calculated in DFT is -0.8 e13. The
experimental value reported by Tsuei et al. upon eval-
uating the integrated intensity close to EF is -1.5 ÷ 2
e/C60. Our calibration based on the data of Fig. 6(a)
following the procedure defined by Cepek et al.48 indi-
cates that the charge transfer is about -2.9 e/C60. The
significant disagreement between experiments and theory
can be explained by the fact that in the presence of strong
hybridization the occupied states close to the Fermi level
do not actually contribute a full electron to the molecule
because the same states have also significant weight on
the Cu atoms.
The above results demonstrate that an absolute deter-
mination of the C60 charge state in strongly hybridized
monolayer systems is not straight-forward. However, by
looking at the photoemission spectral lineshape it is pos-
sible to estimate the metallicity or an insulating character
of the monolayer at different doping levels. In a single-
particle picture the system should be metallic for any
partial filling of the LUMO. Electron-electron correla-
tions and electron-lattice interactions drastically modify
the phase diagram and a clear metallic phase is expected
only at half filling of the conduction band1. Represen-
tative normal emission spectra for different doping levels
of the C60 LUMO are displayed in Fig. 6(c). Upon dop-
ing with potassium most of the spectral weight moves
from the Fermi level towards higher binding energy, sug-
gesting that the most metallic phase occurs at very low
K doping. This is also in agreement with the changes
in width of the HOMO–derived peak. From spectrum
A to C, the full width at half maximum (FWHM) de-
creases from 350 to 200 meV; upon further doping, the
HOMO broadens up to 500 meV for a fully doped C60
monolayer (spectrum G). In the insulating C60 phases the
broad lineshape of the spectral features is due to mul-
tiphonon excitations. The photo-hole is not efficiently
screened and heavily couples to the vibrational modes of
the cage50. At high doping the coupling to the optic vi-
brations of the K ions broadens the spectrum too22. A
narrow HOMO-derived peak can occur when the photo-
hole is efficiently screened by e.g. the electrons in the
conduction band. Screening should be maximum in the
most metallic phase.
IV. CONCLUSIONS
We have presented angle–resolved photoemission data
from one monolayer of C60 on Cu(111). In this system
the interaction at the molecule/metal interface signifi-
cantly modifies the band structure. The Shockley surface
state is pushed to higher energies and strongly couples
to the intramolecular C60 phonons. A new photoemis-
sion peak appears within the HOMO-LUMO gap and
disperses down towards the HOMO and up to the Fermi
level. DFT calculations indicate that the new interface
state is due to strong electronic hybridization between
the six carbon atoms facing the surface and the first few
layers of copper atoms. Because of this hybridization the
spectral weight at the Fermi level is not unambiguously
related to the C60 electronic structure since the same
states have significant weight on the copper atoms and
the two electronic structures cannot be decoupled. The
8present study has important implications for the correct
interpretation of the Fermi surface of molecular layers on
metals and shows that although adsorption on metal sur-
face has the advantage to produce highly ordered molec-
ular systems, there are cases where the electronic proper-
ties of the adsorbed molecule change significantly. Very
recently, mixing of electronic states at the interface have
been reported also in pentacene monolayers adsorbed on
copper51,52.
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